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Nitroarenes are important intermediates in industrial manufacturing and are found as 
environmental pollutants. Reduction of the nitro group to yield nitro radical anions, nitrosoarenes, 
and N-hydroxyarylamines is a crucial metabolic step for the genotoxic and cytotoxic properties 
of nitroarenes. JV-HydroxyarylamineB can form adducts with DNA, with tissue proteins, and 
with the blood proteins: albumin and hemoglobin. The determination of hemoglobin adducts 
is an established method for biomonitoring populations exposed to aromatic amines. We 
determined the hemoglobin binding index (HBD [(mmol compound/mol Hb)/(mmol compound/ 
kg body weight)] of several nitroarenes in female Wistar rats. The logarithm of hemoglobin 
binding (log HBI) was plotted against several physicochemical parameters and against calculated 
electronic descriptors of nitroarenes. Most nitroarenes form hydrolyzable (e,g. aulphinamide) 
adducts with hemoglobin in rats. The extent of hemoglobin binding of nitroarenes increases 
with the reducibility of the nitro group, except for a few outliers. The structure activity 
relationships (SARs) for hemoglobin binding of nitroarenes and arylamines are similar. The 
SARa found for hemoglobin binding were comparable to the SARs found in the literature for 
mutagenicity and cytotoxicity of nitroarenes. In general cytotoxicity in rat hepatocytes, 
hemoglobin binding in rats and mutagenicity in Salmonella typhimurium increase with 
reducibility of the nitro group. Insufficient data are available to establish a SAR for the 
carcinogenicity of nitroarenes. 


Introduction 

Nitroarenes are important intermediates in industrial 
manufacturing of dyes, pesticides, and plastics and are 
significant environmental pollutants (1~4). Nitroarenes 
are reduced by the microflora in the gut and by several 
enzymes in the liver (2 and references cited therein, 5,6). 
The reductive metabolic pathways are not the same for 
each member of this class of compounds. For example, 
metabolites of nitrobenzene (NB) 1 found in rat urine show 
that the reduction by gut microflora is a more important 
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1 Abbreviations: 4-ammobiphenyl (4ABP), 2-aminofluoiece (2AF), 

1- amlnapyrene (1AP), aniline (A), 2,3,4,5,6-dyanilme (<f t A). 4-bromo- 
aniline (4BrA), 2-chioroaniline (2CA), 3-chloroaniline OCA), 4-chloroa- 
niline (4CA), 3.chloro-4-fluoroaniline (3C4FA), iS-chlcro-2-methylanilJne 
(5C2MA), 6-chlOTO-2.metbyianiIine (6C2MA) 2,4-dichloroaniliTie (24DCA), 
2,4-dUluoroani!ine(24DFA), 2,4-dimethylaniline(24DMA),2,e-diniethyi- 
aniline (26DMA), 3,4-dimethylaniline, (34DMA), 3,6-dlmsthylaniluie 
(35DMA), 2-ethylanlline (2EA), 4-ethylanilinc (4EA), 4-fluoroaniUne 
(4FA), 4'-fluoro-4-<uninobiphenyi (4T4ABP), 2-methylaniline (2MA), 
3-metbyIasillne (3MA), 4-mstliyianiline (4MA), 2,3,4,5,6-pentachioro- 
anijina (PCA), 2,4,5-triraethylsniline (24STMA), 2,4,6-trimetbyianiline 
(246TMA),4-bromonitrobenxene (4BrMBl, 3<hlon>4>fluorointrobeaune 
(3C4FNB), 2-chloronitrobenzane (2CNB), 3-chloronitrobenzene (oC.N’H), 
4*chloronitrobenzene (4CNB), 2,4-dichloronitrobenzene (24DCNB), 2,4- 
diOuaronitrabenzene (24DFNB), 2,4-dimethylnitrobenzene (24DMNB), 
2,8-dimathylnitrobensene (26DMNB), 3,4-dimethylnitrobensenB 
(34DMNB), 3,u-dimethyinittobenzene (36DM1SB), 1,2-dinitiobenienb 
(12DNB), 1,3-dinitrobenzene (13DNB), 1,4-dinitrobenrene (UDNB), 

2- ethyInitrobenssne (2ENB), 4-ethylnltrobanzene (4ENB), 4-fluoroni- 
trebenzene (4FNB), 2-metbyInitrnbenzene (2MNB), 3-methylmtroben- 
zene (3MNB), 4-methylnitrobenzsne (4MNB), nitrobenzene (NB), 4-ni- 
trobiphenyl (4PhNB), 2-nitionepbthalene (2NN), 2-nitrofluorepe (2NF), 
I-nitropyrene (INF), 2,3,4,6,$.pentaeiiloronitrobenzene (PCNB), 2.4.6 
trimethylnitrobenzene (246TMNB), 2,4,6-trinitrotoluene (TNT), energy 
level of the lowest unoccupied m olecuiar orbital (£lumo). heat of formation 
{Hi), logarithm of the hemoglobin binding index (log UBI), logarithm of 
mutagenicity (log MUT). pentafluoropr opionic acid anhydride (PFPA), 
structure activity relationship (SAR). 
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route than reduction by liver enzymes ( 2 ). Suzuki et ai. 
(7) showed that, in rats treated with antibiotics, the 
hemoglobin binding of NB, 4-nitrobiphenyl (4PhNB), and 
2-nitrofluorene (2NF) decreased by factors of 7, 30, and 
2, respectively, in comparison to untreated rats. This 
demonstrates for NB and 4PhNB that theiT reductive 
activation is largely dependent on the metabolism by 
intestinal microflora. For other nitroarenes such as 2NF 
and 2-nitronaphthalene (2NN), hemoglobin binding was 
not affected by antibiotic treatment. In rabbits, antibiotics 
did not affect nitro reduction of 1,3-dinitrobenzene 
(13DNB) (8). Nitroarenes with strong electron withdraw¬ 
ing groups such as 13DNB, 1,2-dinitrobenzene (12DNB) 
and 1,4-dinitrobenzene (14DNB) ( 2 , 9), and 2,4,6-trini¬ 
trotoluene (TNT) (1(?) are metabolized in rat erythrocytes, 
and up to 40% became covalently bound to erythrocyte 
macromolecules. The extent of binding increases with 
the reducibility of the compounds: 13DNB < TNT < 
12DNB < 14DNB. Hemoglobin adducts of TNT deter¬ 
mined in vivo are the same es the products obtained in 
vitro with erythrocytes (10). Nitrobenzene is not reduced 
in erythrocytes (11, 12). Therefore, only very easily 
reducible nitroarenes such as dinitrobenzenes and trini- 
trobenzenes do not need activation in the liver or in the 
gut to bind to hemoglobin. Since the compounds tested 
in the present work are leas reducible than 13DNB, they 
are not metabolically activated to a significant extent in 
erythrocytes but require activation in the liver or the gut. 

The primary reduction products of nitroarenes (nitro 
radical anions, nitrosoarenes, and N-hydroxyarylamines) 
or the highly reactive secondary products of AT-hy- 
droxyarylamines ((N-sulfonyloxy)arylamines, N-aeetoxy- 
ary laminae, Or A/-hydroxyaryl«mme N-glucuronidee (13, 
14)) are responsible for the genotoxic and cytotoxic effects 
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(15-18) of this class of compounds. These highly reactive 
intermediates react with DNA and proteins (Scheme 1), 
yielding for example lV-deoxyguanosin-8-yl adducts with 
DNA (19) and/or sulphinamide adducts with thiol groups 
of proteins (18, 20). 

The formation of N-hydroxyarylamines is the common 
intermediate for the genotoxic properties of nitroarenes 
and arylamines. The bioavailabiUty of N- hydroxy aryl- 
amines has been demonstrated in different species by 
determining their reaction products with proteins and 
DNA (21, 22). In the present work, the formation of 
AT-hydroxyarylamines was demonstrated in rats for a large 
array of nitroarenes by measuring the amount of hydro¬ 
lyzable hemoglobin adducts yielding the parent aromatic 
amines (Scheme 1). The extent of hemoglobin binding 
was compared with the physical properties of the ni- 
troarenas. The structure activity relationships (SARs) 
for hemoglobin binding of nitroarenes were compared to 
the SARs for the corresponding arylamines and to the 
SARs for mutagenicity, cytotoxicity, and carcinogenicity 
of nitroarenes. 

Materials and Methods 

Amines of the highest purity were obtained from various 
companies. Aldrich (Steinheim, Germany): 2,3,4,5,6-ds-aniIme 
(djA) (# 17,569-2, 99+%), 6-chloro-2-methylaniline (6C2MA) 
(# C5.100-8,99 %), 2,4-difluoroaniline (24DFA) (# DIO,140, 99%), 

3.4- dimethylaniline (34DMA) (# 12637-3, 98%), 3,5-dimethyl- 
aniline (35DMA) (# 13786-3,98%, distilled), 4-ethylaniUne (4EA) 
(#f El,200-1, 99+%, distilled), 4-fluoroaniline (4FA) (# F380-0, 
99%, distilled). Fluka (Neu-Ulm, Germany): 4-bromoaniline 
(4BrA) (# 16230, >99%), 6-chloro-2-methylani!ine (6C2MA) 
(# 25090, >98 %), 2-ethylaniline (2EA) (# 03060, >98 %, distilled), 
2,6-dimethyIaniline(26DMA) (* 39520,>98%), 2,4,6-trimethyl- 
aniline (246TMA) (t 92290, >98 %). Pfaltz & Bauer i Waterbury. 
CT): 2,4,5-trimethylan(line (24BTMA) (#P28660,98%), 4'-fluoro- 
4-aminobiphenyl (4'F4ABP). Riedel-de Haen (Seelze, Ger¬ 
many): 2-chIoroaniline (2CA) (# 62285, 99%), 3-chloroaniline 
OCA) (# 36824, 99%), 4-chloroaniline (4CA) (# 35823, 99%), 

2.4- dichloroaniline (24DCA) (# 36829, >99%). Shell (The 
Netherlands): 3-chloro-4-fluoroaniline (3C4FA) (99%). The 
purity of the amines wag checked by GC/MS. 

Hexane (# 34484) was obtained from Riedel-de Haen, pen- 
tafluoropropionic acid anhydride from Pierce (Oud-Beijerland, 


The Netherlands), diethyl ether (# 921) from Merck (Darmstadt, 
Germany), and triethylamine from Fluka (# 90340). 

Nitroarenes were obtained from the following companies. 
Aldrich (Steinheim, Germany): 4-bromonitrobenzene (4BrNB) 
d 16716-0, 99%), 4-chloronitrobeMene (4CNB) (§ C6,912-2, 
99 %), 2,4-dimethylnitrobenzene (24DMNB) (# 17,101,98 %), 2,6- 
dimethylmtrobensene (26DMNB) (# N2,836-3, 99%), 3,4-di- 
methylrutrobenzene (34DMNB) (4 N 2,860-4,99%), 3,5-dimeth- 
ylnitro benzene (36DMNB) (# 13,785-6, 99+%), 4-ethylnitro- 
benzene (4ENB) (# E4100-1, 99+%), 4-fluoronitrobenzene 
(4FNB) (# Fl,120-4, 99%), 2-methylnitrobenzene (2MNB) (4 
N2,730-6, 99+%), 3-methylnitrobenzene (3MNB) (# N2,731-4, 
99%), 4-methylnitrobenzene (4MNB) (# N2,732-2, 99%), ni¬ 
trobenzene (NB) (# Nl,095-0, 98%), 4-nitrobiphenyl (4PhNB) 
(# Nl,520-0,99%), 2,4,6-trimethylnitrobenzene (246TMNB) (# 
Nl,860-1,99%). Fluka (Neu-Ulm, Germany): 2-ethylnitroben- 
zene (2ENB) (#72640, >99%). Merck (Darmstadt, Germany): 
2-chloronitrobenzene (ZCNB) (# 806232, >99%), 3-chloroni- 
trobenzene (3CNB) (# 818664, >99%). Shell (The Nether¬ 
lands): 2,4-dichloronitrobenzene (24DCNB) (98%). 2,4-difluo- 
ronitrobenzene (24DFNB) (98%), 3-chloro-4-fluoronitrobenzene 
(3C4FNB) (99%). 

Animal Experiments. Female Wistar rata (200-225 g) were 
obtained from the Zentralinstitut fttr Versuchstierkunde (Han¬ 
nover, FRG). They had free access to feed (Altromin 1324) and 
water, The test compounds were administered as 0.5 M solutions: 
0.1 mL per 100 g of body weight, in tricaprylin by gavage to 
groups of two animals. 4PhNB was given aB a suspension. AH 
other nitroarenes were soluble in tricaprylin. After 24 h, the 
animals were anesthetized with ether, and blood (4-6 mL) was 
taken by heart puncture with a heparinized syringe. 

Isolation of Hemoglobin. Freshly drown, heparinized blood 
was centrifuged for 5 mip at 2000 g. After removal of plasma, 
red blood cello were washed three times in equal volumes of 0.9 % 
NaCi solution and lysed by the addition of an EDTA solution (4 
vol, pH 7.5,■ 10+ M). The cell debris was removed by centrifuga¬ 
tion (5 min, 4000 g ). Hemoglobin was precipitated (Dialysis prior 
to precipitation does not change significantly the amount of 
adduct found. This was tested for 26DMA, 246TMA, 24DCA, 
and 24DFA (23).) from the Bupematant by adding 4 vol of ethanol 
dropwise while stirring. The precipitate was resuspended and 
centrifuged after the following washing procedure: ethanol/water 
(8:2), ethanol, ethanol/ether (1:3), and ether. Hemoglobin was 
dried over ailica in a desiccator and then stored at -18 *C. 

Hydrolysis of Hemoglobin and Extraction of the Amines, 
For the hydrolysis of the hemoglobin adducts and extraction of 
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the amines, 40 mg of hemoglobin was hydrolyzed in 0.1M NaOH 
and 0.01% SDS (3 mL) for 1 h in the presence of a recovery 
standard (see Table 1). The water phase was extracted twice 
with 3 mL of heiane by stirring for 10 min. Efficient s'-naration 
of the two phases was achieved by centrifugation and freezing 
in liquid nitrogen. The combined organic extracts were con* 
c«titrated to 1 mL under a stream of nitrogen. For GC analy¬ 
sis, 1 ng of the internal standard (245TMA) was added. To 
establish whether the aromatic amines detected were covalently 
bound, all Bamples were extracted with hexane at neutral pH 
and worked up as described above. Recovery at alkaline and 
neutral pH'a was determined in hemoglobin spiked with aromatic 
amine in amounts similar to those recovered in the animal 
experiments (Table 1). 

Quantification by Gas Chromatography and Substance 
Identification. The aromatic amines were analyzed by Bplitless 
injection onto a fused silica capillary column (J + W; DB 1701; 
i.d. 0.26 mm; length 12-15 m, 1-am film thickness) with a Hewlett 
Packard chromatograph (models 5890 and 589011) with a mass 
spectrometer as a detector (HP 5988, HP 5989A). In all cases, 
the initial oven temperature, the injector temperature, and the 
transfer line temperature were set at 50, 180, and 180 °C, 
respectively. The oven temperature was increased at a rate of 
50 s C/min to 146 °C (160 °C with a new 15-m column). For the 
analysis of 4A.BP, the oven temperature was raised to 220 °C. 
Helium was used as the carrier gas with a flow rate of 1.5 mL/ 
min. The amines eluted in the following order; A,24DFA,4FA, 
2MA, 3MA, 4MA, 2CA, 2EA, 24DMA, 28DMA, 4EA, 36DMA, 
34DMA, 6C2MA, 246TMA, 3CA.4CA, 246TMA, 3C4FA, 5C2MA, 
4BrA, 24DCA, 4F4ABP, 4ASP. The retention times of the 
analytes are not listed since the length of the column varied over 
the 2-year period during which this work waa performed. The 
detection limit for single ion monitoring (SIM) was 5 pg per 
injection. 

The extraction efficiencies were monitored with the recovery 
standards; only values from experiments in which the recovery 
of the standards waa in the range given in Table 1 were used. 
Recoveries of the arylamlnes were determined in separate 
experiments. Hemoglobin from control animals was spiked with 
an amount of arylamine similar to that recovered (10 ng to 10 
ng) in the animal experiment (or with 30 ng where no adduct was 
found) and worked up like the in vivo samples. The levels of 
arylamines detected in the animal experiments were corrected 
with these recoveries (Table 1). All peak areas were normalized 
with that of the added internal standard (246TMA). Structure 
Identification was based on the retention time and on the mass 
spectrum taken by electron impact ionization on a GC/MS (HP 
5989A) in the full scan or single ion mode. Compounds with a 

small hemoglobin binding index were derivatlxed with pentaflu- 
oropropionic acid anhydride (PFPA) for further structure 
confirmation. The hexane extracts were dried over sodium 
sulphate. Reaction for 10 min with PFPA (10 pL) at room 
temperature was followed by evaporation under a stream of 
nitrogen, The residue was taken up in ethyl acetate and analyzed 
onaDB 1701 capillary column. The ratio of two major fragments 
and the retention time were compared to those of standards 
(Figure 1). 

Synthesis of Pentafluoropropionic Acid Anhydride (PF- 
PA)-Derivatiz«d Standards. PFPA-derivatized standards of 
the following amineB were synthesized; 2EA, 4EA, 2MA, 3MA, 
4MA, and 3GDMA. To each amine (4 mmol) in dry ether (10 
mL), 1 mol equiv of triethylamine and PFPA (0.9 mL, 6 mmol) 
was added at room temperature. The reaction was monitored 
by TLC. When all the starting material had disappeared, the 
reaction was stopped and the solution worked up. The solvent 
and any excess reagent were evaporated on a rotary evaporator, 
and the residue was redissolved in ether and washed with 
saturated sodium bicarbonate solution followed by water. The 
organic layer was dried over magnesium sulfate, filtered, and 
evaporated to dryness, producing in all cases white needles. The 
mass spectra of the products were obtained by GC/MS and 
electron impact ionization. The major mass fragments have been 


summarized as follows. 2MA (m/z, abundance)): M+ + 1, 264 
(3.6%); ML 269 (31%); 134 (100%); 106 (36%); 91 ($4%); 77 
(33%). 3MA (m/z, (abundance)): M + + 1, 254 (6%); ML 263 
(95%); 134 (81%); 106 (62%); 91 (100%). 4MA (m/z (abun¬ 
dance)): M + + 1,264(6%);ML253 (95%); 134(44%); 108 (70%); 
91(39%). 2EA(m/z(abundance)): M + +1,268(3.4%);ML287 
(40%); 148(100%); 121 (14%); 119 (16%); 77 (19%). 4EA (m/t 
(abundance)): M* + 1, 268 (14%); ML 287 (100%); 262 (66%); 
148 (44%); 120 (23%); 106 (38%); 77 (28%). 35DMA (m/z 
(abundance)): M+ +1,268 (8%);ML 267(63%); 148(71 %); 120 
(48%); 106 (100%); 91 (31%); 79 (32%); 77 (66%). 

Calculations, The calculations were performed with the 
programs MNDO, AMI, and PM3, which are part of HyperChem 
3.0 (Autodesk Inc., Sauaalito, CA) end MOP AC 6-0 (QCPE 465, 
Quantum Chemistry Program Exchange, Bloomington, IN). The 
same results were obtained for Elvmo and the heat of formation 
(Hd with MOP AC 6.0and HyperChem 3.0, although the algorithm 
of geometry optimization (reviewed in ref 24) was not the same, 
Broyden-Fletscher-Goldfarb-Shanno (BFG8) versus Polak- 
RibiSre, respectively. The termination conditions for the cal¬ 
culations with HyperChem 3.0 were 0.01 kcal/mol os a convergence 
limit for the self-consistent field calculation and 0.1 kcal/ (mol-A) 
for the root mean square of the energy gi adient. All calculations 
with the MOPAC 6.0 were performed using the default param¬ 
eters. The keywork PRECISE was used to Increase the criteria 
for terminating all optimizations, electronic and geometric, by 
a factor of 100. The starting geometries were created with the 
program PCMODEL (Serena Software, Bloomington, IN). Ge¬ 
ometry optimizations of all MOPAC calculations passed Herbert's 
test in BFGS. 

Results 

Several nitroarenes (n m 21) were given to female Wistar 
rats. The rata were sacrificed after 24 h. Hemoglobin was 
isolated and hydrolyzed with base in the presence of 
recovery standards (d 6 A, 4CA, 4'F4ABP, and 36DMA). 
The most suitable recovery standard for the extraction of 
a given amine was determined in separate experiments by 
spiking hemoglobin of control rats with an amount of 
amine, in the range found in the dosed animals. 4CAwas 
used for compounds with a recovery around 65%, which 
is the case for most alkyl-substituted anilines and para- 
halogenated anilines. 4'F4ABP and <f 6 A were used to 
monitor the extraction of 4ABP and A. The values 
obtained from the in vivo experiment were corrected with 
tberecoverieslistedinTablel. Only experiments in which 
the recovery standards were recovered in the given range 
were used for the determination of hemoglobin binding. 
All samples were analyzed by GC/MS (Figure 1) with 
electron impact (El) and single ion monitoring (SIM). The 
compounds isolated in vivo were identified by comparison 
with the retention times and the main mass fragments of 
the Corresponding standards. Compounds with a HBI of 
less than 1—2EA, 4EA, 2MA, 3MA, 4MA, and 35DMA— 
were derivatized with PFPA. The ratio of two major 
fragments and the retention time were compared to those 
of the standards. 

Except for six nitroarenes (24DCNB, 24DMNB, 
26DMNB, 34DMNB, 246TMNB, and PCNB), 15 ni- 
troarenes given to female Wistar rata formed hydrolyzable 
hemoglobin adducts (2MNB, 3MNB, 4MNB, 2ENB, 
4ENB, 35DMNB, NB, 4PhNB, 4FNB, 2CNB, 3CNB, 
4CNB, 4BrNB, 3C4FNB, and 24DFNB). The results are 
summarized in Table 1 and in Figures 2 and 3, For a few 
compounds (2MNB, 4MNB, 26DMNB, and 2ENB), 
hemoglobin binding was determined 24 and 48 h after 
dosage. The differences found were not significant. This 
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Table 1. Hemoglobin Binding of Nitroarenea and Arylamines in Rate* 


recovery* 


nitroareae 

aiyUrome 1 

alkaline 

neutral 

HBI (nitroarene)* 

HBI (arylamine/ 

MS” 

LUM(V 

W 

log/* 


4MNB 

4MA 

66 * 8 

66*7 

0.43 * 0.11 

4.3 (45) 

106,107 

-1.044 

17.08 

2.37 

-0.17 

4ENB 

4EA 

69 ± 6 

49*6 

0.12 * 0.4 

6.8 (23) 

106,121 

-1.033 

11.32 

2.86 

-0.16 

4PhNB 

4ABP 1 

71 ±4 

68*3 

177.1 * 10.0< 

344.0 (23) 

scan 

-1.238 

60.61 

3.77 

-0.01 

NB 

A‘ 

40 ±3 

36*3 

60.0 * 5.4 J 

22.0 (46) 

scan 

-1,067 

26.16 

1.85 

0 

4FNB 

4FA 

62 ±5 

41*5 

39.5 ±2.2 

33.0 (23) 

scan 

-1.351 

-19.26 

1.80 

0.06 

4CNB 

4CA” 

78 * a” 

73*6 

216.4 * 6.0 

569.0 (45) 

scan 

-1.343 

19.07 

2.39 

0.23 

4BrNB 

4BrA 

76 ±4” 

73*2 

225.8 * 8.3 

341.0 (23) 

scan 

-1.413 

31.43 

2.60 

0.23 

2MNB 

2MA 

66 ±6 

72*6 

0.72 * 0.19 

4.0 (45) 

106,107 

-1.009 

18.76 

2.30 


2ENB 

2EA 

60* 8 

64*4 

0.26 * 0.09 

6.1 (23) 

106,120,121 

-0.994 

13.72 

2.96 


24DMNB 

24DMA 

74 ±7 

66*7 

o 

2.3 (45) 


-0.989 

10.73 

2.96 


26DMNB 

26DMA 

76 ±5 

76*4 

0 

1.1(23) 


-0.867 

12.94 

2.95 


3MNB 

3MA 

66*8 

74* 12 

1.03 * 0.26 

4.9 (45) 

106,107 

-1.014 

17.43 

2.46 

-0.07 

34DMNB 

340MA 

68 * 8 

42* 1 

0 

0.7(23) 


-0.993 

10.60 

3.03 

-0,24 

35DMNB 

36DMA 

77*4 

47*4 

0.63 * 0.20 

14.0 (23) 

106,120,121 

-0.960 

9.76 

3.11 

-0.14 

246TMNB 

24BTMA 

76*5 

80*6 

0 

0.2 (23) 


-0.826 

6.03 

3.61 


2CNB 

2CA” 

88*8 

61*6 

2.11*0.37 

0.5 (23) 

127,129 

-1.083 

23.65 

Z24 


24DCNB 

24DCA 4 

89*4 

73*4 

o(23) 

0.6(23) 


-1.373 

18.08 

3.09 


PCNB 

PCA» 

69*6 


0(47) 

o(47) 


-1.645 

9.69 



3CNB 

3CAp 

77*3 

65*7 

54.2 * 6.0 

12.5 (47) 

scan 

-1.286 

19.64 

2.41 

0.37 

3C4FNB 

3C4FA' 

80*4 

48*2 

10.0*3.6(23) 

30.7 (23) 

scan* 

-1.647 

-22.40 

2.74 

0.43 

24DFNB 

24DFA 

69*6 

36*6 

2.3 * 0.3 (23) 

32.0 (23) 

101,102,129 

-1.682 

-60.24 

1.89 


2NN 

2AN 



0.14 (7) 

0.65 (7) 


-1.296 

43.79 

3.24 


2NF 

2AF 



0,10(7) 

11.2 (7) 


-1.301 

67.18 

3.37 


1NP 

1AP 



o(7) 

0.014 (7) 


-1.678 

73.26 

4.69 



4 For each compound, two animals were dosed orally with 0.6 mmol) kg of nitroarenes. All ■mimeln were anesthetized with ether and sacrificed 
by heart puncture after 24 h. The yields and standard deviations were calculated from four hydrolyses. 4 Metabolite cleaved from hemoglobin 
with base and quantified by GC/MS. 4CA was taken as the recovery standard unless indicated otherwise. * Recovery of the aryiaminee resulting 
from the hydrolysis of hemoglobin was determined in separate experiments by spiking control hemoglobin with amounts of amine to 

those found in vivo (see Material and Methods). * HB1 = hemoglobin binding index = (mmol compound/mol HB)/(mmol compound/kg body 
weight).• The retention time and the ratio of typical maos fragments or the scan of the whole MS were used for the structure identification 
of the amines found in vivo . f Evuuo is the energy level of the lowest unoccupied molecular orbital, and Hi is the heat of formation of the 
nitroarenes calculated by AMI. All the listed values are with the nitre group and the benzene ring in the game plane (4 * 0°), except for 
26DMNB (# =» 32”), 246TMNB (* - 36"), 2CNB (»■» 47”), 24DCNB <4> = 44”), PCNB (* = 67“), and 1NP (* - 33”). The angle of the planes 
of the two benzene rings of 4PhNB was 38”. ' Log P is the partition coefficient of the nitroarenes between 1-octanol and water. Most data 
are taken from Debnath et al. (30,3J), except 4ENB and 4B rNB (46), 2ENB, 3BDMNB, 24DMNB, and 246TMNB ware estimated by combining 
the experimentally determined (30,31) log P values of 4MNB, 3MNB, 4MNB, and 26DMNB with the corresponding x-fragment constants 
(49). * Sum of thB Hammett parameters (SO). ‘ The rseovery standard used wae 4T4ABP. Recovery for 1 pg was 81 * 6%. (Hemoglobin 
binding of 4PhNB has been measured previously: HB1 - 30 for rats sacrificed 48 b after dosage 17). * The recovery standard used was rf*A. 
Recovery fot 1 jig was 40 * 3%. 1 Hemoglobin binding of NB has been measured previously: HBI =■ 79 (46) and HBI “ 86 (7) for rata Sacrificed 
48 h after dosage. “ The recovery standard used was 4Br A. Recovery for 1 ag was 67 * 7 %. » Recovery for 10 pg of 4CA and 10 ^g of BtA. 
•No hydrolyzable hemoglobin adducta were found. * The recovery standard used was 36DMA. Recovery for 1 pg was 77 ± 4%. ’ The recovery 
standard used was 6C2MA. Recovery for 1 pg was 80 * $%. r The recovery standard used was 5C2MA. Recovery for Ipg was 84 *8%.‘Single 
ions: 62, 83, 90,108,109,110, 117,118, 119,120,144, 146,146, 147,148. 


is in agreement with results obtained by Suzuki et al. (7) 
for 4PhNB, NB, and 2NN. Hemoglobin binding varies 
from 0.06 (4ENB) to 112.9 mmol (4BrNB) per mole of 
hemoglobin. The nitroarenes With a halogen in the para 
position and 4PhNB bound by the greatest extent to 
hemoglobin. Nitroarenes with one alkyl substituent 
bound very little to hemoglobin. All compounds which 
show no binding to hemoglobin have more than one methyl 
(except for 35DMNB) or chloro group on the aromatic 
ring. 

In general, hemoglobin binding is lower after rats are 
given nitroarenes instead of arylamines, except for NB, 
4FNB, 2CNB, and 3CNB. The SAAs for hemoglobin 
binding are very similar for nitroarenes and arylamines 
(Figure 2), 

Calculations. The eemiempirical calculation methods 
MNDO and especially AMI and P M3 yield Ht values which 
correspond well to the experimental values for nitroarenes 
(25). Calculations with AMI and PM3 have been per¬ 
formed for all compounds. Since the correlation analyses 
with biological data yield similar results, only the values 
obtained with AMI are shown in the figures and Table 1. 
MNDO calculations have been performed with selected 
compounds. In order to obtain the most stable confor¬ 
mation, the angle ($) between the plane of the nitro group 


and that of the benzene ring of the initial geometry was 
varied. With a few exceptions, the most stable Structure 
was that with the nitro group and the benzene ring in the 
same plane ($ = 0°). The results from the AMI calcu¬ 
lations are listed in Table 1 with the Elumo and Ht. For 
most nitroarenes, the most stable structure was that with 
the nitro group and the benzene ring copianar (# = 0°), 
except for 26DMNB, 246TMNB, 2CNB, 24DCNB, PCNB, 
and 1NB with * = 32,36,47,44,87, and 33°, For 26DMNB 
and 246TMNB, this is in agreement with the 4 angles, 66® 
and 66.4®, determined by X-ray [reviewed by Sorriao (26) ]. 
The calculated Elumo values were compared to reduction 
potentials or half-wave reduction potential values and 
reduction potentials reported in the literature {16, 27- 
29). The reducibility of para-substituted nitroarenes is 
predicted correctly for 4CNB, 4MNB, NB, and 4BrNB, 
but not for 4FNB. Calculations by AMI yield for 4FNB 
an Elumo of -1.361, which is much closer to the values 
calculated for 4CNB and 4BrNB than to the value for NB. 
The reduction potentials obtained experimentally for NB, 
4FNB, and 4CNB are -1.34, -1.31, and -1.23 (26). The 
reducibility of 4FNB was not predicted correctly with all 
three calculation programs (MNDO, AMI, and PM3). 

The order of reducibility is predicted incorrectly for o-, 
m-, and p-substituted monochloronitrobenzenes and 
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Figure 1. GC/MS analysis of the hemoglobin of rate treated with 36DMNB: (a) MA found after hexane extraction oi hemoglobin 
treated with base, (b) 35DMA standard, (c) PFPA derivative of 36DMA found in vivo, and (d) PFPA derivative of 35DMA standard. 



Figure 2. Hemoglobin binding of arylaminea and nitroarenea 
in rats. Log HBI of the arylamines was plotted against the log 
HB1 of the corresponding nitroarenes: log HBIfarylaminee) =■ 
0.95 + 0.53log HBI(nitroarenes), r - 0.85. 2NF, 2NN, and 2CNB 
are not included in the regression analysis. The abbreviations 
used in the figure are for the nitroarenes. 

monomethylnitrobenzenea. According to the calculations 
(AMI and PM3), the predicted order is p> m> o, which 
does not correspond to the experimental order of m > p 
> o. The correct order is predicted with MNDO and with 
the Hammett parameter (only m > p). However, for para- 
substituted compounds, Elumo values calculated by 
MNDO do not correlate as well as those by AMI and PM3 
with the reduction potential. 

The values for Elumo obtained correspond well to the 
data reported in the literature for NB, 2MNB, 3MNB, 
3CNB, 4CNB, 4PhNB, 24DFNB, and 3C4FNB (30, 31). 
Unfortunately the final geometry was not specified. 

Quantitative Structure Activity Relationship 
(QSARs). Nitroarenes have to be reduced to N-hy- 
droxyarylamines or nitrosoarenes in order to bind to 



e lumo 

Figure 3. Hemoglobin binding of nitroarenes in rats. Log HBI 
was plotted against E l \j mo of the nitroarenea calculated by the 
aemiempirical method AMI. Except for 24DFNB, 3C4FNB, 
2NN, and 2NF, all aitrobenzenes fit onto the regreasion curve: 
log HBI =* -8.80 — 6.64Elumo, r — -0.88. 

hemoglobin. The reducibility of nitroarenes can be 
estimated with calculated values of .Elumo ( 92 - 54 ). The 
values for Elumo were calculated with the program AMI 
and plotted against the logarithm of HBI (log HBI). All 
monocyclic nitroarenes were found to fit on a regression 
line (r = -0.86) except for 24DFNB and 3C4FNB (Figure 
3). The log HBI values of polyaromatic nitro compounds 
2NN and 2NF, which were determined in Sprague Dawley 
rats by Suzuki et al. (7), do not fit on this curve. 

Monocyclic nitroarenes with a Elumo higher than -0.9 
or with more than one chloro group in ortho and para 
positions (e.g. 24DCNB and PCNB) do not bind to 
hemoglobin as sulphinamides of the parent arylamines. 

For monocyclic nitroarenes, the Hammett parameters 
i r p and cr m can be used to predict hemoglobin binding. Log 
HBI correlates with the Hammett parameters with r = 
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Hammett-Parsmster 

figure 4. Hemoglobin binding of nitroarenes in rats. Log HBI 
was plotted against the sum of the Hammett parameters of 
substituents of the nitroarenes: log HBI = 1.00 4- 7.54E(<r ? + 
im), r » 0.88. 

0.86 (Figure 4). The comparison between lipophilicity 
(log P) and hemoglobin binding by linear regression 
analysis yields no significant correlation. 

Discussion 

With this study, it has been demonstrated thatfor most 
nitroarenes given to rats (i) the potentially genotoxic 
metabolite—iV-hydroxyarylamine—is bioavailable, (ii) the 
extent of hemoglobin binding can be predicted with the 
electronic properties of the nitroarenes, and (iii) hemo¬ 
globin binding can be used for exposure assessment of 
nitroarenes. 

Several researchers have demonstrated, especially in 
cats and rabbits, the presence of N-hydroxyarylamine in 
the blood following exposure to nitroarenes by quantifying 
methemoglobin (MetHb) (reviewed in ref 6) MetHb 
formation was found to be larger for nitrobenzenes with 
electron withdrawing groups. Similar correlations were 
found for hemoglobin binding in rats. Large hemoglobin 
binding values are found with easily reduced compounds 
(Figure 3). Hemoglobin binding of 24DCNB, 3C4FNB, 
and 24DFNB does not fit on the calculated regression 
line. No hemoglobin binding was found for 24DCNB, 
although 2CNB and 4CNB formed hemoglobin adducts. 
Hemoglobin binding of 24DFNB and 3C4FNB is much 
lower than expected from the reducibility of the nitre 
group. Possibly other reaction products like substitution 
of a halogen with glutathione or with hydroxy might reduce 
the availability of the reduced parent nitro compound or 
yield other adducts which are not detected by the current 
method. Interestingly, the corresponding anilines do not 
fit into the QSAR found for hemoglobin binding and 
oxidizability of arylamines (see Figure 5). The HBI of 
4PHNB was too large according to the reducibility of the 
nitro group. However, a similar HBI was found in the 
same rat strain dosed with 4-aminobiphenyl (35). 

As shown in Figure 2, hemoglobin binding of arylamines 
and the corresponding nitroarenes correlates well, except 
for 2CA/2CNB, 3CA/3CNB, and A/NB. In these cases, 
it appears that more IV-hydroxyarylamine ib available from 
nitro reduction than N-oxidation. Nitroarenes with alkyl 
substituents bound much less to hemoglobin than the 
corresponding arylamines. This might be explained by 
the fact that the oxidation of the methyl group is the main 
metabolic pathway for nitrotoluenes (2, 5 , 36 , 37 ) and not 



AM1HF = Hf(nitrenlum) - Hf(arylamlne) 
increase oxidizability of the arylamines 
Figure 5. Hemoglobin binding of arylamines in rats, The 
logarithm of the hemoglobin binding of arylamines was plotted 
against the relative stability of the corresponding nitrenium ion, 
which is a measure for the oxidizability of arylamines (23, 51): 
AMlHF — Hdnitrenium ion of aryiamine) - //({aryiamine), Ht 
- heat of formation calculated by AMl. Except for 4ABP all 
para- and alkyl-substituted arylamines (14 compounds) have been 
included in the regression analysis: log HBI = -34.6 + 
0.16AM1HF, r = 0.89. Arylamines with a halogen in the ortho 
or meta position were not included in the regression curve, 
although 24DFA fits on the curve. Hemoglobin binding of 
halogenated arylamines (2CA, 3CA, 4CA, 24DCA, 4FA, 4BrA, 
24DFA, and 3C4FA) correlates with the p K, values: log HBI = 
-2.26 + 1.06p K„ r « 0.77. 

reduction of the nitro group. Nitroarenes and aiylaminea 
with electron withdrawing groups such as chlorine or 
bromine yield large HBIs. Therefore the reductive 
pathway must be important for chloronitroarenes. Re¬ 
duction products of chloronitrobepzenes have been de¬ 
tected in urine of male Sprague Dawley rats (38) as well 
as in urine of humans exposed accidentally (39). In 
hepatocytes of male Fischer-344 rats (5), it was shown for 
2CNB, 3CNB, and 4CNB that 33, 55, and 26% of the 
metabolites were products resulting from nitro reduction 
(aniline, glucuronide, and acetanilide). In contrast, meth- 
ylnitro benzenes are not reduced to amines in hepatocytes. 
Generally, nitroarenes with electron withdrawing groups 
axe reduced moTe easily in hepatocytes (2, 5, 16). 

In the present work, it has been shown that the same 
hydrolyzable hemoglobin adducts are found after ni- 
troarene and aryiamine exposures. In humans, Bryant et 
al. (35) found several alkyl-substituted arylamines, ami- 
nobiphenyls, and naphthylamines bound to hemoglobin. 
According to the data of the present work, it is not likely 
that the high levels found in humans come from exposure 
to the nitro compounds, except for NB, 4PhNB, and 2NN. 

With the presented data, it could be shown that 
hemoglobin binding in rats can be predicted in most cases 
with the reducibility of the nitroarenes. In a further 
analysis, we investigated whether the same electronic 
properties are predictive for the carcinogenic, mutagenic, 
and cytotoxic potencies of these nitroarenes. 

Mutagenicity of Nitrobenzenes. For a set of about 
20 nitroarenes (most of them poiyaromatic compounds), 
Klopman et al, { 32 ) and Maynard et al. (33) found that 
mutagenicity increases with the ease of reduction of the 
nitro group. With the collection of further data, the models 
for p redicting mutagenicity had to be m odified. Additional 
factors describing the molecular dimensions, the degree 
of aromaticity, the hydrophobicity (refs 30 and 31 and 
references cited therein) or the orientation of the nitro 
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Figure 6. Mutagenicity of nitrobenzenea in Salmonella typh- 
t murium TA100 (30,31) (fewer data points were available for the 
strain TA98). The logarithm of mutagenicity (log MUD was 
plotted against Elvmq of the nitroarenes: log MUT = -6.44 - 
4.37 JEhjmo, r = -0.68. 4FNB is not included in the regression 
analysis. 

substituents (ref 40 and references cited therein) were 
included to improve the predictive value of the equations. 

Debnath et al. (30, 31) combined the terms for lipo- 
philicity and £j,umo to form an equation which predicts 
the mutagenicity for 117 compounds. Nitrofluorobenzenes 
were extreme outliers, and 4PhNB was not included in 
the analysis. In the present work, we plotted the mu¬ 
tagenicity data (31,41) against £lumo for all monocyclic 
nitroarenes (n = 11) which have also been tested for 
hemoglobin binding (Figure 6). By excluding the extreme 
outlier 4FNB, mutagenicity increases with the reducibility 
of the nitroarenes, r = -0.68. The extent of hemoglobin 
binding and mutagenicity correlate (r = 0.95) after 
exclusion of the four outliers (3CNB, 4CNB, 4PhNB, and 
24DFNB). Theremainingsixnitroarenes (2MNB, 3MNB, 
4MNB, 2CNB, 3C4FNB, and 4FNB) give a regression line 
with the equation, log MUT = -1.62 + 2.26 log HBI. 

Carcinogenicity of Nitroarenes. The German Com¬ 
mission for the Investigation of Health Hazards of 
Chemical Compounds in the work area (42) has classified 
2CNB and 4CNB aa IIIB (compounds with carcinogenic 
potential) and 4PhNB and 2MNB as IIIA2 (carcinogenic 
in animal experiments with comparable conditions to 
occupational exposure). In a recent study, NB has been 
shown to be carcinogenic in rats and mice (43). For a 
quantitative comparison of carcinogenicity and physical 
properties of nitroarenes, TDso values are essential. For 
mice, the TDso values for 2CNB, 4CNB, and PCNB were 
108,430, and 71 mg per day (44). According to these data, 
there is a weak correlation between carcinogenicity and 
reducibility: 1/TDso [mmol] = -4.8-6.0 .Elumo, r = -0.72. 
The trend follows that seen for toxicity and mutagenicity. 
In rats, these compounds have not been found to be 
carcinogenic. Thus, for mice and rats, insufficient data 
are available to make meaningful comparisons between 
carcinogenicity and the electronic properties of nitroarenes. 

Cytotoxicity of Nitroarenes. The cytotoxicity of 
several nitroaromatics have been studied in cells (16,17). 
O’Brien et al. (16) concluded that the cytotoxicity of 
different nitrobenzenea is related to their ease of reduction 
to nitro radical anions and nitrosobenzenes. The most 
cytotoxic compounds have the strongest electron with¬ 
drawing substituents (eg. 14DNB). Biaglow ( 17) postu¬ 
lated that for nitroarenes with oxidation-reduction po¬ 


tentials more positive than -0.35 V cellular oxygen 
utilization was stimulated and the possibility of oxidative 
stress was increased. In the present work, it has been 
shown that electron withdrawing groups increase the 
amount of metabolites bound to hemoglobin. Thus, 
compounds which are reduced more easily bind to a greater 
degree to hemoglobin in rats and are more cytotoxic in rat 
hepatocytes. Therefore, the extent of hemoglobin binding 
may be used as an indicator for the cytotoxic properties 
of nitroaromatics and as a dosimeter for the cytotoxic 
burden in humans. 
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